Nitrate assimilation by suspensions of Azotobacter chroococcum, as determined by the disappearance of the ion from the external medium, displayed saturation kinetics, was inhibited by nitrite, and exhibited an afinity for nitrate higher than that of nitrate reductase. This suggests that the entry of nitrate into the cell is mediated by a specific transporter. Nitrate assimilation required a readily utilizable carbon source and aerobic conditions and was blocked by the uncouplers carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) and 2,4-dinitrophenol (DNP) but not by N,N'-dicyclohexylcarbodiimide (DCCD), an inhibitor of ATPases. The inhibition of nitrate assimilation in the absence of an appropriate carbon source was overcome by the non-physiological energy source ascorbate plus N-methylphenazinium methylsulphate (PMS), a substrate combination that allowed respiration.' Though an ATPdependent nitrate uptake mechanism cannot be ruled out, these data suggest that transport of nitrate into the cell is directly dependent on the proton electrochemical gradient across the cytoplasmic membrane.
I N T R O D U C T I O N
The process of nitrate assimilation comprises at least three consecutive steps : uptake, followed by reduction of nitrate and incorporation of the reduced nitrogen into carbon skeletons. In micro-organisms that accumulate nitrate, for example the diatoms Phaeodactyfum tricurnutum (Cresswell & Syrett, 1981) and Skeletonema costatum (Serra et al., 1978) and the fungus Neurospora crassa (Schloemer & Garrett, 1974) , nitrate uptake and its subsequent metabolism can be distinguished by measuring both nitrate disappearance from the medium and intracellular nitrate. It has been proposed that transport of nitrate into these cells is an ATPdependent process (Cresswell & Syrett, 1981 ; Falkowski, 1975) .
In unicellular micro-organisms that lack storage vacuoles, and are thus unable to accumulate nitrate, separation of nitrate uptake from its subsequent assimilatory reduction is not possible unless the short half-life isotope I3N is used. Studies of Klebsiella pneumoniae (Thayer & Huffaker, 1982) and PseudomonasJluorescens (Betlach et al., 1981) have shown, using l3N0;, that cells accumulate nitrate internally and that, in the case of K . pneumoniae, one of the two transport systems must be active. However, the energy requirements of the uptake process were not described in either case.
We have previously reported on the conditions required for the development of assimilatory nitrate uptake in the strictly aerobic, heterotrophic bacterium Azotobacter chroococcum (Revilla 2-4 mg cell protein ml-' in 1 ml of the same buffer (125 mM) supplemented with 0-25 mM-EDTA. Toluene (20 pl) was added and the mixture vigorously shaken for 2 min. A sample of this suspension was added to the reaction mixture for nitrate reductase activity with dithionite-reduced methyl viologen as the electron donor (Guerrero er al., 1973). Activity units correspond topmol nitrite produced min-' . Glutamine synthetase was determined in cells permeabilized with alkyltrimethylammonium bromide mixture (Cejudo et al., 1984) by the y-glutamyl transferase assay at pH 7.5 (Shapiro & Stadtman, 1970) . Nitrate was determined spectrophotometrically at 210 nm in acid solution (Cawse, 1967) after eliminating, when necessary, ascorbate by heating at 80 "C for 10 min with alkali (Katoh, 1963) . Nitrite was estimated by the method of Snell & Snell (1949) . Oxygen consumption by A. chroococcum cells was followed with a Hansatech oxygen electrode equipped with a Varian recorder.
R E S U L T S A N D DISCUSSION
Eflect of external nitrate concentration on nitrate assimilation To study whether nitrate uptake in A. chroococcum is mediated by an active transport process, the effect of various external nitrate concentrations on the rate of nitrate uptake was investigated. The rate remained constant within the range 0.1-1 mM and was inhibited at higher concentrations (not shown). When the initial external nitrate concentration was 0.1 mM the rate of uptake was constant until the concentration of nitrate in the medium reached approximately 40 p~ (Fig. 1) . Hence the half-saturation constant of the nitrate assimilation system must be lower than 40 p~.
Since the consumption of nitrate by A. chroococcum depends on the entry of the ion into the cell and on its subsequent reduction and assimilation of the ammonium produced, the simplest way to interpret the results shown in Fig. 1 is that assimilation of nitrate by this bacterium displays saturation kinetics and has an affinity for nitrate higher than that estimated in vitro (0.25 mM) for nitrate reductase (Guerrero et al., 1973) . As discussed by Hayashi & Lin (1965) , this difference in affinity is presumptive evidence for the existence of an active transport.
The K , value for nitrate (0.25 mM) of A. chroococcum nitrate reductase was obtained with viologen dyes as the reducing substrate, and recently Morpeth & Boxer (1985) have reported a K , for nitrate of the purified nitrate reductase from Escherichia coli of 2 p~ when quinols (analogues of the physiological reductant) are oxidized, as compared to 0.42 mM with reduced viologen dyes as the electron donor. Therefore, A. chroococcum nitrate reductase could exhibit a higher affinity for nitrate in vivo. Although not accurately measured, the half-saturation concentratiu for nitrate of the uptake process in A. chroococcum approaches those of other Time (min) Fig. 1 . Utilization of limiting amounts of nitrate by A . cltroococcunt. Cell suspensions (0.4 mg protein ml-' ) were assayed for nitrate uptake as described in Methods except that the initial concentration of KNO, was 0.1 mM.
micro-organisms, which lie within the range 0.1-10 p~ (Syrett, 1981 ; Ullrich, 1983; Thayer & Huffaker, 1982; Betlach et al., 1981) .
EJect of' external nitrite concentration on nitrate assimilation Nitrite, which was previously found to act as an inducer of assimilatory nitrate uptake (Revilla et al., 1985) , strongly inhibited nitrate assimilation (79% inhibition at 0.3 mM-nitrite increasing to a maximum of 96% at 0.5 mM-nitrite). Nitrite was taken up by the cells irrespective of the presence of nitrate (as measured by following nitrite disappearance from the medium), at a rate which was practically the same as that of nitrate assimilation [20-30 nmol (mg protein)-' min-'1. The decrease in nitrate utilization caused by nitrite was partly counteracted by nitrite consumption, the total amount of inorganic nitrogen taken up being almost the same in the presence of nitrate alone (290 nmol) as with nitrate plus nitrite (53 and 204 nmol, respectively). By contrast, ammonium (0.3 mM) totally inhibited nitrate assimilation (Revilla et al., 1985) . Nitrite inhibition of nitrate uptake was not prevented by L-methionine-DL-sulphoximine, a glutamine synthetase inhibitor which releases nitrate assimilation from ammonium inhibition (Revilla et al., 1985) .
From these results we propose that the passage of nitrate across the cell envelope is mediated by a protein with a high degree of specificity for the ion. In algae (Ullrich, 1983) , as well as in Neurospora crassa (Schloemer & Garrett, 1974) , nitrate uptake and nitrite uptake do not proceed via the same carrier.
E#ect o j energy source on nitrate assimilation
The requirement of a readily usable carbon source for assimilatory nitrate uptake was investigated. When the cells were incubated in the nitrate uptake assay mixture that lacked a carbon source, there was no assimilation of nitrate (Table 1) . Under anaerobic conditions, nitrate was not taken up even when a carbon source was available. In general, cells consumed nitrate at the highest rates when assayed in the presence of the carbon compound used for growth (Table 1) . However, when cells that had been grown with mannitol were assayed in a medium with a different carbon source, nitrate uptake was either very low or absent (Table 1) . Glucose was a striking exception, being more efficient than mannitol itself. No significant change in nitrate and nitrite reductase activities was detected when the cells grown in the standard mannitol/salts medium were suspended in media with different carbon sources (data not shown). Metabolic energy is therefore required for the assimilation of nitrate in A . chroococcum. When transferred to a new substrate, the slow induction or derepression of the appropriate enzyme(s) may be the cause of the low rates of nitrate uptake observed. In favour of this interpretation is the fact that cells grown on mannitol were unable to respire aerobically using succinate. Since enzymes for glucose utilization are constitutive, glucose was always the better substrate after transfer of the cells from mannitol. Additional evidence on the dependence of assimilatory nitrate uptake upon metabolic energy was obtained from studies with the uncouplers of oxidative phosphorylation FCCP (Padan et al., 1976) and DNP, the ATPase inhibitor DCCD (Harold et al., 1969) and the respiratory chain inhibitors azide and cyanide. Both FCCP (at 25 WM final concentration) and DNP (1 mM) hindered the cells from utilizing nitrate, whereas DCCD (100 WM) caused only a slight decrease (Fig. 2) . To check whether the effect of FCCP and DNP on nitrate consumption was due to inhibition of the nitrate-reducing enzymic system, nitrate and nitrite reductase activities were determined in situ at zero time and 25 min after initiation of the nitrate uptake assay described in Fig. 2 . FCCP, DNP or DCCD caused no significant change in either activity. With 100 PM-DCCD, we observed a complete inhibition of nitrogen fixation, a process strictly dependent on ATP. Nitrate uptake was also totally inhibited by 1 mM-azide or cyanide, the latter being an inhibitor of nitrate reductase activity both in oitro and in situ (Guerrero et al., 1973; Llobell et al., 1984) .
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The utilization of nitrate by the cyanobacterium Anacystis nidulans was hindered by 10 PM-FCCP or DCCD, compounds that are inhibitors of ATP-requiring reactions in Anacystis nidulans (Flores et af., 1983) . Nitrate uptake by the photosynthetic bacterium Rhodopseudomonas capsulata was completely and rapidly inhibited by 0.46 PM-FCCP (Jackson et al., 1981) . In A . chroococcum nitrate consumption was much less sensitive to these inhibitors, with inhibition ranging from 25-35 % for 10 PM-FCCP, 85-95% for 25 PM-FCCP, and 10-20% for 100 PM-DCCD. FCCP at 25 PM acted as an uncoupler since aerobic respiration increased in its presence.
In general, inhibitors which decrease assimilatory nitrate uptake are those which affect energy metabolism. Inhibition of nitrate assimilation by uncouplers has been described in a variety of micro-organisms (Hofman, 1972; Schloemer & Garrett, 1974; Jackson et al., 1981 ; Flores et af., 1983; Cresswell & Syrett, 1981 ; Ullrich, 1974 Ullrich, , 1983 Larsson & Anderson, 1982) . Since DCCD had no effect on nitrate uptake whereas the proton-conducting uncouplers FCCP and DNP were strongly inhibitory, the energy required for nitrate uptake may not depend directly on ATP hydrolysis but rather on a proton electrochemical gradient generated by the respiratory chain. In fact, the uncoupler-sensitive assimilatory nitrate uptake by the photosynthetic bacterium R. capsulata (Jackson et al., 198 I), referred to above, was dependent on a proton electrochemical gradient across the plasma membrane. Alternatively, the uncouplers may inhibit indirectly by preventing ATP synthesis. Cresswell & Syrett (1981) have interpreted the inhibition of nitrate uptake by CCCP in the diatom P . tricornutum to indicate that uptake requires a supply of ATP. Except for the lack of an effect by DCCD, our results do not rule out that nitrate transport is dependent on hydrolysis of ATP. In this context, the report by Falkowski (1975) of a membrane-bound nitrate-stimulated ATPase in S. costatum lends support to a direct dependence of nitrate transport on ATP hydrolysis.
EJect of' ascorbate/PMS on nitrate assimilation
Since ascorbate plus PMS can serve as a respiratory substrate in E. coli, thus generating an energized state of the cytoplasmic membrane (Wilson, 1974) , nitrate uptake by A. chroococcum was measured in assay mixtures lacking a carbon source but containing the ascorbate/PMS electron-donating system as the energy source. Oxygen uptake occurred at a rate of 264 nmol (mg protein)-' min-l, 24% of that observed with mannitol [1108 nmol (mg protein)-' min-'1, and was strictly dependent on the artificial electron donor system, since neither ascorbate nor PMS alone supported any oxygen consumption. Nitrate uptake by A . chroococcurn was observed in the presence of ascorbate/PMS (Table 2) . Thus this non-physiological substrate could fulfil the energy requirement of the cell for nitrate uptake from the external medium. These results indicate that electron transport from ascorbate/PMS to oxygen generates an electrochemical gradient that can be used for the assimilatory nitrate uptake. Reduced PMS was unable to act as an electron donor for spinach nitrate reductase (Paneque et al., 1965) and probably behaves similarly towards the bacterial enzyme. The ascorbate/PMS-supported nitrate uptake by A . chroococcum did not take place under anaerobic conditions or in the presence of the uncoupler FCCP. Therefore if nitrate was reduced by the electron transport chain using reducing equivalents from the artificial substrate, it is clear that the energy required for the uptake process was used to transport nitrate into the cell.
A . chroococcum glutamine synthetase is very sensitive to oxygen radical species such as hydroxyl radicals (Paneque et af., 1982) , and Levine et al. (1981) have described inactivation of both E. cofi and K . pneumoniue glutamine synthetase by an activated oxygen species. Since oxidation of reduced PMS with oxygen gives rise to oxygen radical species (Nishikimi et af., 1972), we examined the effect of the ascorbate/PMS pair on nitrate reductase and, as a control, on glutamine synthetase activity. Table 2 shows that ascorbate or PMS alone had essentially no effect, that mannitol halved, and ascorbate and PMS together nearly abolished glutamine synthetase activity. Ascorbate, PMS or the ascorbate/PMS pair had no effect on cellular nitrate reductase activity (Table 2 ), in agreement with previous results obtained with reduced viologen dyes as source of the oxygen free radical species (Paneque et af., 1982; Llobell et al., 1984) . In summary, our results support the participation of a nitrate-active transport system acting before the nitrate reduction step and closely linked to the cell energy metabolism. This conclusion agrees well with data obtained from kinetic analysis of nitrate transport in K . pneumoniae using the radioisotope 3N (Thayer & Huffaker, 1982) , which have provided evidence to support the proposal that in bacteria nitrate transport is necessary for nitrate assimilation.
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